A number of papers attempt to explain the positron anomaly in cosmic rays, observed by PAMELA and AMS-02, in terms of dark matter (DM) decays or annihilations. However, the recent progress in cosmic gamma-ray studies challenges these attempts. Indeed, as we show, any rational DM model explaining the positron anomaly abundantly produces final state radiation and Inverse Compton gamma rays, which inevitably leads to a contradiction with Fermi-LAT isotropic diffuse gamma-ray background measurements. Furthermore, the Fermi-LAT observation of Milky Way dwarf satellites, supposed to be rich in DM, revealed no significant signal in gamma rays.
Introduction
One of the reasons to assume that dark matter (DM) is more than just an obscure non-luminous substance revealing itself only by virtue of its gravitational attraction is connected with the interpretation of the high-energy cosmic positron excess, discovered by PAMELA [1] and accurately confirmed by AMS-02 [2] . The zest of this observation is that no known mechanism of cosmic-ray production or acceleration can provide the increase of positron fraction at high energies (comparing to electrons) and thus an additional source of energetic positrons is needed. While some researchers consider astrophysical objects like pulsars or supernova remnants (e.g. see [3, 4] ) as the origin of this phenomenon, the others point out to DM being involved in it (e.g. see [5, 6] ). Both types of explanations have their pros and cons and both can be constrained by current and future experiments. As for DM, these constraints mostly come from direct-detection experiments, CMB observations, cosmic antiproton flux measurements and, last but not least, cosmic gamma-ray surveys, including the studies of dwarf galaxies and isotropic diffuse gamma-ray background (IGRB) (see [7] for a review). The latest Fermi Large Area Telescope (LAT) results show no significant gamma-ray signal from Milky Way satellite galaxies, which are considered to be the most dark-matter-dominated astrophysical objects [8] , and the measured spectrum of IGRB [9] also seems to be very limitative (especially taking into account their recent conclusion that up to 86% of extragalactic gamma-ray background beyond 50 GeV can be due to unresolved sources [10] ). But why is it so important to emphasize this point, whereas the other constraints look no less serious? In fact, it is no big deal to construct a dark matter model which explains the positron anomaly and fulfils the requirements of underground experiments (e.g. see [11, 12] ) and CMB observations 1 , and, though difficult, it is possible to restrain antiproton production within the model. But it is practically impossible to have a self-consistent DM model, which would produce enough positrons to explain the data and won't end up with an overabundance of gamma rays, accompanying DM decays or annihilations into a pair of charged leptons or emerging during the propagation of these charged leptons in the interstellar media. This problem was somehow revealed in a series of papers (see e.g. [13, 14, 15] ).
However, taking a closer look at the problem one may notice the following. As is known, while high-energy positrons are born throughout the dark matter halo only those produced in the ∼ 3 kpc vicinity can contribute significantly to the cosmic ray (CR) spectrum and result in the high-energy positron excess. This is due to the peculiar features of charged particles propagation in the Galactic magnetic media. Gamma rays on the other hand do not interact with magnetic fields and come to us directly from the whole DM halo. This fact is the root of the aforementioned problem. In other words, if Nature wanted some particles to be the source of positron anomaly she could sprinkle them locally in sufficient amount and since there are no unnecessary particles in the halo (which would give no positrons, but only gamma) the average flux of gamma rays over the same solid angle would be drastically suppressed. This means that DM can be divided in (at least) two components: a "faint" or "passive" component, which makes up the major part of the DM halo and does not (significantly) contribute to observable CR, and an "active" one, which is subdominant, explains most of the positron anomaly and for some reason is concentrated nearby. In fact, this idea doesn't imply that active and passive DM components should be of different physical origin, as we discuss in the Conclusions and discussion section.
The most natural way to introduce such a local source distribution seems to be to put active DM in the Galactic disk or to suppose that this type of DM forms a disk-like structure itself. Surprisingly enough, the same concept of a DM disk was proposed earlier to explain various phenomena, such as global flaring of the Galactic hydrogen disk [16] or the planar structure of DM rich dwarf satellites around Andromeda [17] . Moreover, as simulations show [18, 19, 20] , the formation of a dark matter disk can be the result of satellite accretion into the Milky Way stellar disk (though, according to these simulations, such a disk hardly contributes to the local DM density). Observational data [21, 22, 23, 24, 25] are far from making unambiguous conclusions on the existence of dark disk (DD).
Despite the fact that the effects of DD on CR were studied in the past [26, 27] , we provide a novel argument for the existence of DM disk: it is the vital element needed to avoid gamma-ray constraints on the DM positron anomaly explanation. Actually, a disk is not the only possible form of DM substructure providing the necessary effect -there might be some dense local DM clump or bubble [28] , though this possibility stays beyond the scope of this paper.
In this article, following the ideas of our previous investigations [29, 30] we present the results of a cumulative statistical analysis of both the AMS-02 cosmic positron fraction data and the Fermi-LAT data on IGRB under the hypothesis of DM, decaying or annihilating into e + e − , µ + µ − and τ + τ − . We show explicitly how the introduction of an active DM disk reduces the gamma-positron ratio at high energies and significantly improves the goodness-of-fit. As an addition, we consider the least modeldependent minimal case of DM positron production, tuned to explain AMS-02 positron fraction data, and demonstrate that an isotropic distribution of active DM component throughout the whole dark halo is most likely ruled out by IGRB measurements. We conclude with a brief discussion of DD properties and some particular DM models providing the mechanisms of DD formation.
Dark halo case
First, we are going to consider that active DM particles are distributed ubiquitously in the dark halo (we refer to it as the "halo case" further in the text), for which we use Navarro-Frenk-White (NFW) density profile [31] . One should note, though, that the choice of DM distribution does not significantly affect our results since most of the reasonable DM profiles are quite similar in the ∼ 3 kpc vicinity of the Sun (see e.g. Fig. 1 in [32] ), from where the major contribution into positron flux comes from, or at high Galactic latitudes (|b| > 20 • ), where Fermi-LAT measures the IGRB.
The current analysis is performed under a simple model, in which only e + e − , µ + µ − and τ + τ − decay/annihilation channels are allowed. Initial (injection) spectra of e ± and prompt gamma rays from DM decay/annihilation are simulated through Pythia 8 [33] , and the effects of positron propagation in the Galaxy are calculated using the GALPROP code [34] . We adopt the propagation parameters that provide the best fit to AMS-02 data on cosmic protons and to the B/C ratio [35] . The fluxes of positrons (and electrons) resulting from different decay/annihilation channels are calculated independently and then summed with the corresponding branching ratios. Background fluxes of cosmic positrons and electrons are taken from [36] . The effects of Solar modulation are accounted for using the charge sign-dependent force-field model [37] (these effects are, however, negligible in the data we are considering, i.e. above 30 GeV).
Gamma rays associated with DM decays/annihilations can be divided into two groups: prompt gamma radiation, which comes straight from the interaction vertex, and gamma rays induced by the propagation of e ± in the Galaxy. The latter, related to such processes as inverse Compton scattering (ICS) and Bremsstrahlung, are calculated using GALPROP. The averaged flux of prompt gamma rays is given by
Here f i γ (E) denotes the differential energy spectrum of prompt photons, emitted in the i-th channel with branching ratio Br i , S stands for the approximate distance to the DM halo boundary, ∆Ω is the observable solid angle (20 • ≤ |b| ≤ 90 • and 0 • < l ≤ 360 • ), which falls into the field of sight of Fermi-LAT when it observes IGRB. In our notations j( s) stands for the emissivity factor, which we define as follows:
where σv stands for the velocity-averaged annihilation cross section ξ = 2 for Majorana DM particles and ξ = 4 for Dirac DM particles, M denotes the mass of the active DM particle and τ is its lifetime in case of decays. For the sake of convenience we treat the local emissivity factor j loc = j(0) as a free parameter, which equally defines the production rate of e ± and gamma both for decays and annihilations. Though prompt radiation also comes from extragalactic sources, in this work we do not include the extragalactic contribution, since its estimation relies significantly on the velocity and density distributions of active DM in the outer Universe, making it model-dependent. However, we would like to emphasize that our predictions are at most 2 times lower than they should be (since the Galactic and extragalactic contributions are comparable) and furthermore that even then the overabundance of gamma rays from the halo is evident. To find the parameter values, which provide the best possible fit to cosmic positron data while taking into account the IGRB constraints, the following approach is used: we introduce a cumulative test-statistic, which depends on the model parameters (i.e. the mass of the particle M , the branching ratios Br i , the local emissivity j loc ) and on the experimental data on the cosmic positron fraction (AMS-02 [38] ) and on the IGRB (Fermi-LAT [9] ):
Here indices i and j enumerate AMS-02 and Fermi-LAT experimental data points respectively, while k and m denote the numbers of experimental points under analysis, p denotes the set of model parameters listed above, F (E i , p) and Φ(E j , p) are the predicted cosmic positron fraction and gammaray flux, F and σ j , and θ stands for the Heaviside step function. Since the IGRB data gives an upper limit on the gamma-ray flux from DM annihilations/decays, the theoretically predicted curve should not fit the experimental data points, but lie beneath them. Thus the second term in Eq. 3 contributes to the test statistic only when the predicted gamma-ray flux exceeds the data for at least one point. This means that even if some set of parameters provides a perfect explanation of cosmic positron data the considered method can, nevertheless, rule it out due to the predicted overabundance of gamma rays. On the other hand, an attempt to reduce the amount of gamma would likely spoil the fit of positron fraction data and, thus, there should be an optimal case, which can be found by minimizing χ 2 . Besides, the test statistic itself provides a valuable information about the "goodness-of-fit" -if χ 2 /n < 3, where n = k + m − dim( p) denotes the number of degrees of freedom (in our analysis the total amount of data points minus 3 parameters gives n = 59), we assume that the fit quality is satisfactory.
Using the method described above, we numerically calculate the least possible value of χ 2 . We get χ 2 min /n ≈ 5 for annihilations and χ 2 min /n ≈ 8 for decays, which means that the halo case is excluded at > 99% C.L. The best possible fit of positron fraction and isotropic gamma-ray flux are shown in Fig. 1 (a,b) . Though the obtained positron fraction does not look as the "best fit" at all, it has a simple statistical explanation: the method we use prefers to degrade the fit of the high-energy positron fraction to fulfil the hard gamma-ray constraint, since (due to the large experimental errors in AMS-02 data above ∼ 200 GeV) it results in lower values of χ 2 /n.
We would like to stress that, although, the model we use in our analysis is trivial, it is rather demonstrative. Fitting with pure e + e − , µ + µ − , τ + τ − modes result in much worse χ 2 /n values 2 . We do not consider any other modes (such as W + W − , bb or γγ), since they produce redundant antiprotons and gamma.
Dark disk case
Let us now consider the case where the active DM component is only concentrated in the disk (which we refer to as the "disk case"). This case can be simulated by simply cutting the NFW profile at z = ±h, where z denotes the longitudinal axis in a cylindrical coordinate system and 2h is the assumed value of the DD thickness. Thus, an additional parameter h is introduced. Though such clipped NFW profile seems unphysical it allows to compare directly the cases under analysis and demonstrate a pure (one-parameter) clipping effect. One should however be more careful when one chooses the density profile of the DM disk, especially if the region under consideration includes the Galactic center.
The contour plots in Fig. 3 show the χ 2 /n dependence on DM particle mass M and on the DD half-height h for DM annihilating/decaying into e + e − , µ + µ − and τ + τ − with optimal branching ratios. For each fixed value of M and h we obtain the lowest possible values of χ 2 /n, using the method described above. For comparison, on the lowest edge of the plots we give χ 2 /n values corresponding to the halo case. As one can clearly see, the disk case results in much lower values of χ 2 /n. The range of best-fit parameter values corresponds to M ≈ 300 GeV and h ≈ 0.1 − 2 kpc for annihilations, and M ≈ 600 GeV and h ≈ 0.1 − 1 kpc for decays. Spectra of positron fraction and gamma rays corresponding to the least value of χ 2 /n are shown in Fig.1 (c,d) . As we have mentioned above the minimal χ 2 /n case fails to fit the AMS-02 data point > 400 GeV, but one can improve the positron data fit at the cost of χ 2 /n increase (see Fig. 2 ). The thinner DD reduces the amount of produced high-energy positrons, while the larger one leads to the steady increase of diffuse gamma-ray flux.
Other properties of active DM in the DD depend on extra assumptions. For example, assuming that local DD density is close to its upper observational limit, i.e. ∼ 0.3 ÷ 0.4 GeV/cm 3 [23, 24] (comparable to the halo DM contribution), one gets σv ∼ (2 ÷ 3) × 10 −23 cm 3 /s (for Majorana DM) in the best fit case. Thus, the annihilation cross-section is 500 ÷ 1000 times boosted comparing to the commonly assumed thermally averaged cross-section for WIMPs. The resulting active DM fraction of the cosmological DM density would be (1÷2)×10 −3 , if active DM have a WIMP-like thermal evolution (though separate from passive DM) and if there is no annihilation enhancement in the Galaxy. It is Decay ee ΜΜ ΤΤ Figure 3 : χ 2 /n dependence of DM mass M and DD half-height h for annihilation (top) and decay (bottom) into e + e − , µ + µ − and τ + τ − . The color gradient flow from red to blue corresponds to the decrease of χ 2 /n. The numbers on the plot contours denote the respective χ 2 /n values. In the area below h = 3.2 kpc the χ 2 /n values, corresponding to the halo case, are shown.
remarkable, that this result is less than one order of magnitude close to the estimated DD contribution to the mass of the Galaxy, assuming the exponential density profile of DD (see e.g. [18] ). Furthermore, the considered realization of active DM model successfully evades the constraints on annihilating DM imposed by Planck data [39] . One may notice that, according to Fig. 1 d) and 2 b) , the ICS gamma-ray contribution lies well beneath the Fermi-LAT experimental limits. However, the authors of [26] obtained a very different result for the dark disk case. Given the model parameters considered in that paper we made an attempt to reproduce their calculations, but our result for ICS gamma-ray flux is smaller by almost two orders of magnitude, while the signal in positrons is the same. We performed a cross-check of the method we use and successfully reproduced the results of [40] , where the ICS gamma-ray flux was calculated using analytical approximations.
The minimal case
One may argue that a more complex model of DM would be able to produce enough high-energy positrons to fit the AMS-02 data without the corresponding excess in gamma rays. However, we are going to consider what we shall refer to as the minimal case of DM particle production and show that even in this case the problem with IGRB still remains.
Despite the fact that in general the gamma-ray spectrum depends on the details of the model, the following argument can be used to impose the least model-dependent constraint. The key requirement to the models we consider is to reproduce the data on charged CR, which means that they all should yield relatively the same spectrum of positrons. Being a charged particle, positron gives its contribution to the gamma-ray spectrum of the process. Hence, this is the only contribution, which would be present in any model (besides the possible contributions from intermediate charged particles, hadronic decays, etc.) and which we call the minimal gamma-ray spectrum. Essentially, without the fine-tuning of the intermediate particle masses this contribution depends only on the energy spectrum of the outcoming positrons. Thus, the minimal gamma-ray spectrum can be estimated as a convolution of the positron spectrum f e and the FSR spectrum, emitted by the "single" positron with energy E 0 (see e.g. Eq. 47 in [41] with x 0 = E/E 0 and 0 = m e /E 0 ):
with α the fine-structure constant and m e the electron mass. This formula gives a good approximation at high energies, where the Fermi-LAT constrains IGRB the most. For the DM injection positron spectrum we intentionally adopt some analytical function
which allows to fit the AMS-02 cosmic positron data very well (see Fig. 4 a) . Just as in the analysis above, we calculate ICS photons 3 and Bremsstrahlung using GALPROP. As one can see in Fig. 4 b, the total gamma-ray flux in the halo case (red solid line) is very close to the present Fermi-LAT limit at high energies, but does not significantly exceed it. However, taking into account the recent Fermi-LAT statement [10] that more than 80% of IGRB can be the product of unresolved astrophysical sources, one would expect the residual isotropic gamma-ray flux to be ∼ 5 times lower than the existing constraint. Thus, the predicted "minimal" gamma-ray flux is found to be in contradiction with the expected IGRB limit when active DM is distributed isotropically in the Galactic halo. In turn, the case of a DD has a total gamma-ray flux (red dash-doted line) that is consistent with this new strict constraint on the isotropic gamma-ray background. Figure 4 : The fluxes of CR corresponding to the "minimal case": the best-fit fraction of positrons (left), compared to the AMS-02 data; minimal gamma-ray fluxes multiplied by E 2 , calculated in the halo case (solid curves) and in the DD case (dot-dashed curves), compared to the existing Fermi-LAT IGRB limit (model B, blue dots) and to the expected limit (pale blue dots). Different contributions to gamma rays are shown.
Conclusions and discussion
We showed that the existence of a DD, mostly populated by active DM, could cure the DM interpretation of the positron anomaly in CR from the overproduction of gamma rays, which, as we have proved, inevitably appears in any DM model that explains this phenomenon and assumes an isotropic distribution of DM.
The only properties of the DD which can be derived in a model-independent way from our analysis are its thickness and the local emissivity of DM in it. Properties such as local DM density or Galactic luminosity require additional assumptions about the nature of active DM and about its distribution over galactic scales. The same actually holds for the gamma-ray luminosity of other galaxies, including dwarf satellites, and even the luminosity of the whole Universe. However, a simple estimation shows that since the fraction of active DM in the Universe is roughly proportional to the DD thickness the extragalactic part of IGRB is hardly as big as the Galactic one. As for DM annihilations in disk galaxies, given the distribution of disk galaxies [42] and taking a well-motivated exponential density profile for the DD (see [18] , Eq. 3) one can obtain that their contribution to IGRB is negligible. Furthermore, as we have checked, the same DD density profile evades the gamma-ray constraints from the Galactic plane [43] and from the Galactic center [44] .
Nevertheless, these conclusions are not universal and depend on DM model assumptions and the features of DD formation. Here we consider some speculative mechanisms.
One mechanism is based on purely gravitational effects of galactic collisions and mergers, which result in the formation of a co-rotating dark matter disk [18] . This mechanism does not require multicomponent DM. However, as we mentioned above, the resulting disk cannot be sufficiently dense, which means that decaying DM is strongly disfavoured in this case. To make this mechanism an effective framework for a positron anomaly explanation one should probably consider long-range selfinteracting DM models. Since DM particles in the disk are expected to have a very different velocity distribution from that of DM particles in the halo, such interactions can naturally provide a boost of annihilation rate in the disk due to the Sommerfeld-Sakharov enhancement 4 . Dwarf satellite galaxies are not expected to emit many gamma rays because they are not likely to store a DD within them.
The second mechanism implies multi-component DM models with the dominant faint component distributed isotropically in the halo and the subdominant active component which forms a disk mainly due to its non-trivial dynamics. This active component can be introduced by simply adding an ad hoc new form of DM to the "ordinary" one. As an example, one may consider self-interacting DM particles able to form dark atoms [46, 47] and dissipate energy during collisions, which can lead to disk emergence.
One can also think of another scenario, in which active DM is ab initio presented on par with a faint component. Suppose some new particles a + and b − with opposite dark charges bound together play the role of "ordinary" DM. If the Universe is asymmetric towards the abundance of their corresponding antiparticles then the free leftovers of a + and b − will annihilate with freeā andb. Since the motion of these particles is dissipative as well, it might be possible for them to form a disk-like structure. The mechanism under consideration also provides a very diluted concentration of active DM in dwarf galaxies that makes them dimmer in gamma rays.
The list of mechanisms and models given here does not pretend to be comprehensive and fully developed, but rather gives the examples of theoretical endeavours to build an appropriate model.
